ABSTRACT. The paper proposes a theoretical model of coupling of ion Bernstein (IB) waves to tokamak plasmas using phased waveguides. To describe the propagation of these waves near higher harmonics of the ion cyclotron frequency, a set of differential wave equations is used, constructed by analogy to the familiar finite Larmor radius wave equations, but in such a way that its three independent WKB solutions correspond to the two cold plasma waves and the Bernstein wave to all orders in the ion Larmor radius. This system has a meaningful energy theorem and unambiguous boundary conditions at the plasma edge. It is integrated numerically to obtain the surface admittance matrix of the plasma. The efficiency of waveguide launching is evaluated by extending the theory developed for lower hybrid (LH) wave grills to take into account the finite height of the waveguides as well as the coupling between TE and TM modes at the waveguide mouths due to the fact that at these frequencies the admittance matrix is not diagonal. If the density at the plasma edge is sufficiently low, in particular well below the LH resonance density, results similar to those predicted by the cold plasma approximation are obtained. In this situation, low reflection coefficients in the waveguides can be achieved with antisymmetric excitation. Excitation of IB waves, however, occurs via mode transformation near the LH resonance layer, typically a few centimetres away from the antenna. Whether this is possible without energy losses cannot be investigated with the present model. As the density increases, the plasma surface becomes very reflective for waves with the ordinary polarization. As a consequence, direct linear coupling to IB waves by raising the edge density above the LH resonance density appears to be impossible according to this model.
INTRODUCTION
Plasma heating with ion Bernstein (IB) waves has been proposed as an alternative to fast wave (FW) heating in the ion cyclotron frequency domain [ 1, 21, and several experiments have tested this idea in tokamak plasmas [3-61. The theory of antennas designed to launch IB waves, however, is still incomplete. Near the second ion cyclotron harmonic it is sufficient to solve the finite Larmor radius (FLR) wave equations in the plasma (see Ref. [7] and references therein). This has been done in a two-dimensional approximation by Sy et al. [8] and in three dimensions by Brambilla [9] . On the other hand, higher order IB waves have wavelengths comparable to or shorter than the thermal ion gyroradius and are outside the validity range of the FLR approximation; no coupling theory is available for this case.
To describe higher order IB waves in inhomogeneous plasmas, one should solve a set of integro-differential wave equations [lo] ; high order differential wave equations valid in the immediate vicinity of a cyclotron harmonic have also been proposed [ 111. Use of these equations to evaluate the launching efficiency of external antennas is difficult, however, since it is not clear which boundary conditions should be imposed at the plasma edge. Actually, in the derivation of the wave equations from the linearized Vlasov equation (for example, Refs [7, 121) the plasma is implicitly assumed to be a continuous although inhomogeneous medium. This is compatible with the idealization of a sharp plasma boundary only if where h , is the typical wavelength perpendicular to the static magnetic field, Lbd is the physical thickness of the transition layer between plasma and vacuum, and p i is the thermal Larmor radius of the ions. This ordering is compatible with the FLR approximation, but becomes untenable in the case of higher order IB waves. To derive boundary conditions for waves such that kip, 2 1, one should in principle modify the wave equations themselves in a sheath a few ion Larmor radii thick near the plasma-vacuum (or plasma-wall) interface.
To circumvent this difficulty, we have used a purely differential set of wave equations which satisfies the following conditions: (1) it describes correctly the two cold plasma waves and the Bernstein wave predicted by the local hot plasma dispersion relation, and no other wave; (2) it is self-adjoint when collisional and kinetic damping are neglected, so that the power balance in the plasma can be easily established; and (3) its solutions satisfying outward radiation conditions are fully determined by imposing, in addition to the usual continuity conditions for the fields, the continuity of the power flux through the plasma edge.
After some preliminary considerations on the constraints imposed on the antenna design by the properties of IB waves, a set of wave equations satisfying these conditions is presented and discussed in some more detail in Section 2. We are not able to prove that these wave equations follow from the Vlasov equation in some approximation and we have to accept them as an ad hoc model. The situation is thus analogous to that which prevailed in the theory of mode conversion before the derivation of the correct FLR wave equations by Swanson [13] and by Colestock and Kashuba [14] (see the review article on this problem by Swanson [15] ). Nevertheless, the above mentioned conditions eliminate at least the most obvious sources of quantitative errors in the results of model wave equations, namely power sinks associated either with the propagation of waves not predicted by the full dispersion relation or with lack of energy conservation in the absence of physical mechanisms for damping. We can therefore hope that our coupling results are essentially correct; this hope is strengthened by the fact that they have a clear physical interpretation.
The model wave equations are integrated using a modified version of the finite element code FELICE. In Ref.
[16] we have presented preliminary results for coupling with metallic antennas. The main motivation of our work was, however, to investigate the coupling of IB waves using waveguides, in view of an experiment planned on the FTU tokamak in Frascati [ 171.
The required extension of the theory developed for lower hybrid (LH) waveguide launchers [ 181 is presented in Section 3. In Section 4 we present and discuss briefly the results of coupling calculations for the two-waveguide launcher foreseen for the FTU experiment,
In Section 2 we also discuss situations in which the model wave equations are bound to fail. In particular, it is not possible to satisfy condition (1) in the immediate vicinity of the LH resonance. For coupling at low to intermediate harmonics, the LH resonance is typically located in the scrape-off plasma a few centimetres away from the antenna. This does not greatly restrict the use of our equations for coupling calculations: because of the very short wavelengths of slow waves in the plasma, the resonance layer is usually already well in the far field region. Unfortunately, however, the failure of the model at the LH resonance makes it impossible to determine the ultimate fate of the radiated power. While, under appropriate conditions, we find in this case quite efficient coupling, we cannot exclude that a substantial fraction of the launched power could be absorbed at the LH resonance, as strongly suggested by analogy with LH heating experiments. A way around this difficulty could be to put the antenna so close to the plasma that the density at the plasma edge is already larger than the LH resonance density; this is perhaps possible in large field, large density tokamaks. In such a situation, however, coupling is found to be extremely poor. The conclusions suggested by our model are therefore rather pessimistic: efficient coupling is found only in situations where a strong sink of power is likely to exist only a few centimetres away from the antenna. However, reliable predictions of absorption and transmission through the LH layer require further investigations for which the present approach is inadequate.
MODEL WAVE EQUATIONS
To locate the n-th ion cyclotron (IC) harmonic resonance within the plasma, it is usually convenient to have the (n + 1)-th harmonic just behind the antenna.
The roots of the hot plasma dispersion relation in the scrape-off plasma for n , = ck,/w in such a situation are shown in Fig. 1 for two values of nil = ckil/w.
From such plots, it is clear that heating using low order IB waves (say, 3 5 n 5 10) can be seen as a low frequency version of LH heating. At low harmonics, the LH resonance density is At the frequencies considered here, the LH resonance occurs at relatively low density, typically within the scrape-off plasma. For almost perpendicular propagation ( Fig. 1 (a) ), nf = 0, no propagative wave exists at densities below the LH resonance; above it, the fast wave (FW) and the appropriate IB wave propagate. The slow cold plasma wave (SW) is evanescent throughout. Note that there are actually two hot plasma roots: in addition to the IB wave proper, there is another branch (open squares in Fig. 1 ) which is evanescent on the high density side of the resonance and propagative on the low density side until it merges with the IB wave proper. The details of its confluence with the FW near the LH layer, which cannot be seen on the scale of Fig. l(a) , are shown enlarged in Fig. l(b) . For a sufficiently large nf, on the other hand ( Fig. l(c) ), the FW and the SW exchange roles: the SW is propagative at low density and suffers mode transformation to the IB wave at the LH resonance, while the FW (not shown) remains evanescent up to higher densities. Again, the propagative section of the additional hot plasma branch connects the cold SW to the IB wave proper, giving a characteristic S shape to the dispersion curves slightly below the LH resonance. The transition between the two cases occurs around ai = 1 and is the low frequency limit of the well known LH accessibility condition [ 191. Similarly, the mode transformation of the SW near the LH resonance is the low frequency limit of the linear turning point of LH waves [20] .
From the local analysis of the dispersion relation it also follows that the dominant field of both the slow cold plasma wave and the IB wave is the radial component E,. From outside the plasma, on the other hand, such waves are coupled through E, (the component parallel to go). The ratio E,/E, = kll/k, is much smaller for the IB wave than for the SW.
These facts put constraints on the antenna design similar to those which are well known in LH heating experiments, namely (1) the component of the electric field tangential to the plasma surface must be mainly parallel to the static magnetic field to match the polarization conditions; and (2) the nominal nil spectrum must be as weak as possible near ni = 0, since waves with nt s 1 are completely reflected from the plasma boundary. Although an SW structure is not really needed, antisymmetric antennas are obviously favoured. Two launching structures satisfying these requirements are: a metallic T antenna (central feeder, shorts at each end), with the main conductor oriented toroidally, and a two-waveguide grill, with the small guide dimension oriented toroidally and excited with a phase difference Ad = 180". The first kind of antenna was used in the work reported in Refs [5, 61. In FTU, which has a high magnetic field, the choice of the second kind of antenna is possible because of the relatively large frequency of the planned IB wave heating experiment.
To develop a theory for such antennas, we need an adequate set of wave equations in the plasma. The integro-differential wave equations obtained by integration of the linearized Vlasov equation are discussed in some detail in Ref. [12] . In the electrostatic limit, these equations have been solved numerically [lo] in a layer between two metallic plates to which an oscillating potential is applied; the solutions confirm well the predictions of the local analysis. However, for the reasons explained in the introduction, it is difficult to reconcile these wave equations with a sharp plasmavacuum boundary, as required in antenna loading calculations. Moreover, even if the question of boundary conditions could be clarified, the numerical solution of equations of this kind would not be a justifiable basis for a full coupling code.
On the other hand, the FLR wave equations derived in Refs [13, 141 and routinely used for fast wave coupling studies are easily integrated numerically, and the appropriate boundary conditions are well understood [9], Unfortunately, they are clearly inadequate for the present problem. Failing to describe higher order Bernstein waves, they predict that the hot plasma wave excited by mode conversion near the LH resonance returns towards the plasma edge with rapidly decreasing wavelength. This spurious branch, labelled FLR in Fig. 1 , does not satisfy the condition k,pi < 1 that is necessary for the validity of the FLR expansion itself and does not exist in the full hot plasma dispersion relation. It is not difficult to see that the FLR approximation would predict essentially total reflection in all situations because of the wrong topology of the FLR dispersion curves below the LH resonance. Since, at the LH layer, one expects absorption and perhaps transmission, but essentially no reflection [20] , this is not likely to be the correct answer.
Since we have no adequate set of wave equations for higher order IB waves rigorously derivable from the Vlasov equation, we have to develop an ad hoc model, which should at least satisfy the conditions mentioned in Section 1. The simplest approach is to assume that they have the same structure as the FLR wave equations derived by Swanson [13] and by Colestock and Kashuba [14] , so that conditions (2) and (3) are satisfied, and to modify the coefficients of the highest derivatives in order to satisfy condition (1). Explicitly, the procedure can be summarized as follows.
First, we decompose the full hot plasma dielectric tensor as where €;,(U, kli) is the dielectric tensor in the limit of zero Larmor radius; parallel and perpendicular refer to the direction of the static magnetic field. The external k: factor in the second term is then unfolded into space derivatives, k: --d2/dX2; to make this step unambiguous, we assume that the two derivatives are ordered with respect to the space dependent coefficients ?ki,(w, z ) / k : in the same way as in the FLR limit [13, 141. Finally, whenever k: appears in these coefficients, we substitute for it the Bernstein wave root of the dispersion relation, k:,sw(x; w,kll).
Because of the short wavelengths of IB waves, the near-field region of the antenna is very thin compared to the toroidal and poloidal curvatures. It will thus be sufficient to consider a plane stratified geometry, with Cartesian co-ordinates x , y and z denoting the limit of radial, poloidal and toroidal directions, respectively, The last two co-ordinates can be ignored and allow a Fourier decomposition nu n.
(lengths as measured in units of c/w, so that ay = k y , etc.). Then, the wave equations for the amplitude n,, x ) of each partial wave is
Here, S, D, P are the elements of the local dielectric tensor in the zero Larmor radius approximation,
They reduce to the elements of the cold plasma dielectric tensor in the limit lx;l %-1. The coefficients of the hot plasma terms are defined as follows Equations (5) are constructed so that, if a,, 7, and 4, are neglected and the ion contributions are taken in the small Larmor radius limit Xi -0, they reduce exactly to the wave equations of Swanson [13] and of Colestock and Kashuba [14] . They are also related to the high order differential equations which can be derived from the Vlasov equation near harmonics of the IC frequency [l 11. In addition to the fast, slow and Bernstein waves, these equations have a set of strongly evanescent wave solutions whose number increases with the order of the harmonic. It is obviously difficult to devise a number of boundary conditions sufficient to determine the contributions of these solutions near the plasma edge, since a sharp discontinuity in the plasma parameters is incompatible with the procedure followed for the derivation of the equations themselves. One can, however, argue that such evanescent solutions should simply be discarded, since they do not exist for the full hot plasma dispersion relation in the uniform plasma or in the WKB limit (they can be recovered if the transcendent Bessel functions are approximated by polynomials of the appropriate order). One way to eliminate the spurious solutions without altering the physically meaningful ones is to replace high order differential operators such as d2"ldr2" in the hot plasma terms by second-order operators of the form (dldr) [(ikJ2("-') (dldr)]. The resulting equations have the form of Eqs (5), with somewhat simpler coefficients.
Although they are not formally derived from the Vlasov-Maxwell equations, the phenomenologic wave equations (5) should be a good approximation, provided that the LH resonance is not in the domain of integration. In the first place, with the coefficients (8)-(10) and k , determined according to the above prescription, Eqs (5) reproduce the exact dispersion relation for IB waves of any order in the homogeneous plasma limit, except for the minor simplifications mentioned above. Strictly speaking, the dispersion relations for the fast and slow cold plasma waves are slightly altered, since the hot plasma corrections to their perpendicular index are evaluated using partly an inconsistent value of k , . However, the error is typically of the order of one part per thousand for the fast wave and one per cent for the slow wave. An exception occurs in a narrow layer near the LH resonance, where the slow wave and the IB wave have a confluence; moreover, the S-like shape of the dispersion curves near the resonance (Fig. l(b) ) makes it often impossible to determine a continuously varying value for k , to be used in the arguments of the Bessel functions in this region.
In addition to admitting the correct dispersion relation in the WKB limit, the system of equations (5) has a physically meaningful power balance, the power deposition per unit volume being given by
Here, ImL describes fundamental IC damping, Imp, Im7 and Im4 describe electron Landau damping and transit time damping, and Ima and Im6 describe damping of the Bernstein waves near IC harmonics. In the absence of these damping mechanisms, the system (5) is self-adjoint, and the total power flux (electromagnetic plus kinetic) is strictly conserved. It is perhaps useful to stress again that this power balance is the correct one in the limit of a homogeneous plasma and, therefore, also in any region in which the WIG3 approximation is valid. Also important for our purposes is the fact that boundary and radiation conditions are easily imposed.
The outward radiation conditions can be written as (12) where the sum extends over the three independent WKB solutions (FW, SW and IBW) at the upper integration point x = L. The coefficients T?,+ can be determined automatically as part of the integration procedure.
At the plasma-vacuum boundary, x = 0, the tangential field components E,, E,, By, B, must be continuous, This, however, is insufficient to determine the solution completely. Since the continuity of the tangential fields implies the continuity of the Poynting vector, conservation of energy at the edge requires that the kinetic part of the power flux should vanish there. This gives the two additional conditions
which completely specify the solution.
Note that there are three independent solutions in the plasma, but only two in vacuum. Condition (13) re-establishes the balance by excluding the possibility of directly exciting from outside a purely electrostatic plasma wave (or the possibility that such a wave can radiate directly towards a vacuum half-space). In other words, the essentially electrostatic IB waves can only be excited via mode transformation from the slow cold plasma wave, as advocated by Ono [21] . If this is the case, however, coupling of IB waves at large edge densities, when the cold slow wave is evanescent, is likely to be very inefficient.
Since conditions (13) have an essential influence on the coupling results, one can legitimately argue about whether sqeezing all the information on the complicated vacuum-plasma transition layer into this simple boundary condition is really justified for the present problem. However, on the basis of energy balance considerations, we believe that it is unlikely that a more detailed investigation would lead to very different conclusions. Indeed, conditions (13) simply mean that the effects of the boundary layer on the wave energy flux are expected to be small, i.e. that the sheath cannot be a significant sink or source of power. This is plausible in view of the thinness of this layer; particularly at high power, it is more likely for the waves to influence the properties of the sheath (through ponderomotive forces and/or modifications of the local transport and recycling) than the other way round. Nevertheless, it remains true that our wave equations are only a model, whose validity is not proven but only made plausible by heuristic arguments.
Before using the wave equations (5) for coupling calculations, we present a few examples of their solutions. In the following, the integration region is the outer part of a scrape-off plasma with the parameters specified in Fig. 1 , except that we will later vary the density at the separatrix and the thickness of the scrape-off layer to explore the different coupling regimes. Figure 2 shows the E, component of the field for the modes with n, = 5 and n, = 12, n, = 0, at densities below the LH resonance (ne = 4.1 X 10" at the plasma edge). The boundary condition Er = 0 is imposed at the plasma boundary to minimize the contribution of the fast wave, and outward radiation conditions are imposed 2 cm inside the plasma. Except for the first wavelength, the solutions are indistinguishable from those which would be obtained in the WKB approximation for the slow cold plasma wave. Thus, for example, the well known fact that for the slow wave k , is proportional to k, is clear from a comparison of the two examples. Moreover, E,/E, 2 : n,in, increases towards the left, and E, is very small throughout. The real and imaginary parts are accurately in quadrature, as is appropriate for a travelling wave (one can even check that the wave is a backward one), and any reflection of the wave incident from vacuum clearly takes place within a 'near-field region' only a few wavelengths thick. This circumstance allows the numerical integration to be restricted to a narrow layer, thereby reducing the computing time for the full coupling calculations.
Having confirmed that the model wave equations reproduce well the expected behaviour of waves below the LH density, we now turn to the high density case. An example is shown in Fig. 3 , where E, and E, are plotted for the partial wave with n, = 5 and n4 = 0, in a plasma with ne = 4 X 1013 at the 'separatrix' and a scrape-off thickness of only 2 cm. The Bernstein wave propagating to the left is clearly recognizable. However, the ratio E,/E, for the Bernstein wave is much smaller than that for the same partial wave in vacuum; to compensate for this mismatch, the evanescent slow wave is strongly excited near the plasma edge. This is the well known screening of parallel low frequency electric fields by the electrons, and the penetration length of E, is the 'skin depth', roughly equal to ciw,,. It is clear that under these conditions the plasma is highly reflective for waves with the ordinary polarization.
WAVEGUIDE ARRAY COUPLING
To match the solutions in the plasma to those in vacuum, it is convenient to use the surface impedance matrix ZP of the plasma, defined for each partial wave in Eq. (3, by Et((n,,nx,O> = ZP(nny,n2) ' Zt(ny,nz,O) (14) for the solution satisfying causality (in our case the outward radiation conditions (12)) in the plasma. Here,
To obtain ZP, the system (3) is integrated twice using a slightly modified version of the FELICE code [7] , imposing successively the two linearly independent boundary conditions at the plasma edge, Once ZP is known, matching to an external metallic antennain vacuum is straightforward [9] ; the results have been presented in Ref. [16] . Here it will suffice to recall that the loading resistance of such an antenna is found to be acceptably large at low densities, but negligibly small if the density at the plasma edge is higher than the LH resonance density corresponding to the frequency used.
The knowledge of the surface impedance matrices --ZP also enables us to solve the matching problem for waveguide coupling. Since Z P is not diagonal, it is necessary to take into account both TE and TM modes in the waveguides; then there is no difficulty in taking into account also the finite height of the waveguides in the poloidal direction. In our co-ordinates, the TE and TM modes in a waveguide with aperture 0 I z I b, 0 5 y I h (b and h being the small and large waveguide dimensions) are respectively mr mr 1 nr nr
The factors describing the parallel propagation are (superscript i = 1, 2 for TE and TM, respectively): For the sake of generality, we have allowed for the possibility that the waveguides could be loaded with a dielectric or relative dielectric constant eg; in all applications, however, unloaded waveguides, eg = 1, have been assumed. The field in each waveguide is a superposition of the incident TEoI mode, whose coefficients atlp are known, and of the reflected TEol mode and all evanescent higher modes excited at the grill mouth, whose coefficients p;,,,, have to be calculated. We can therefore write the fields at the grill mouth as 
The magnetic field must be continuous across the grill mouth, but not at the metallic wall where image currents are free to flow. It follows that the right hand side of Eq. (33) Once this system is solved, the field is known everywhere, and the reflection coefficient and the power spectrum radiated towards the plasma are easily evaluated.
EXAMPLES
The FTU tokamak is a compact high field device with major radius 93 cm, plasma radius 31 cm and magnetic field up to 10 T. The IB wave heating experiment will be performed at 433 MHz; in a hydrogen plasma the fifth harmonic can be located just outside the plasma by working at 8 T (6 T at the plasma outer edge). The antenna will consist of two adjacent waveguides, each being 4 cm wide and 41 cm high, separated by a wall of 0.4 cm.
To perform the coupling calculations for this grill, we have assumed for convenience a scrape-off plasma thickness of 5 cm, and we have varied the density at the limiter radius (31 cm) while keeping the temperature there at a constant value of 100 eV; both density and temperature are assumed to decrease in the scrapeoff plasma with e-folding lengths of 2 cm. Note that the actual scrape-off thickness in FTU is somewhat narrower than is assumed here; since, however, coupling is determined essentially only by the density at the wall, this should not appreciably alter the conclusions.
In each run, Eqs (5) have been integrated for 241 x 11 partial waves, -14.2 C n, < 14.2; -1.78 e n, < + 1.78 (the 'toroidal' discretization Ak, = 1/R, Ak, = lia is used). Three TE modes and two TM modes in the waveguides have been taken into account. We have checked that convergence with respect to the n4 summation is very rapid: the results with only three terms (k, = 0, h l i a ) are practically the same as those with 11 terms. This is due to the fact that partial waves with large k, are very poorly coupled and not appreciably/Gesent in the grill spectrum. Convergence in & on the other hand is more difficult to obtain. The nominal spectrum of the FTU grill extends only to about n, = 3 for symmetric excitation and to n, = 6.5 for antisymmetric excitation.
However, higher values of n, are present in the selfconsistent spectrum because of the excitation of the first evanescent modes at the waveguide mouths, which radiate easily towards the plasma. Thus, to cover the whole radiated spectrum, a somewhat larger upper limit in n, should have been chosen. The upper limit in our n, exploration was, however, determined by the onset of electron Landau damping; when damping is severe, imposing outward radiation conditions using the WKB approximation was found to give rather inaccurate results. While we have checked that the coupling results are practically independent of the precise cut in the n, spectrum below the Landau damping limit, we cannot exclude the possibility that parasitic damping of waves with very large n, in the near-field region somewhat reduces reflection, particularly in situations where the launching efficiency is low. Figure 4 is a plot of the total energy reflection coefficient R for the FTU grill versus the relative phase in the two waveguides, at two values of the edge plasma density. The results of varying the edge density are summarized in Fig. 5 for three different phases (in the whole range of these two figures the edge density is below the LH resonance). Both the phase dependence and the density dependence of R are easily understood from the discussion in Section 2. Thus, while for symmetric excitation reflection is always relatively large, for antisymmetric excitation efficient launching can be achieved at low edge densities, where the ratio E,IE, = k,/k, in the plasma is not too large or, equivalently, screening of the parallel electric field by the electrons is not too strong.
In Fig. 5 the predictions of the conventional cold plasma grill theory for LH waves [17] for A@ = 180" are also shown for comparison. In this approximation, only the cold slow wave is taken into account, so that the wave solution in a linear density profile can be expressed in terms of Airy functions [22]. Moreover, the grill is assumed to be infinite in the y-direction, so that only TM modes need to be taken into account in the waveguides and only partial waves with ny = 0 in the plasma. In spite of these rather drastic simplifications, the agreement is excellent. This can be seen as a confirmation that the simplifying assumptions of the conventional grill theory are well justified. At the same time it shows that the model wave equations and the boundary conditions used here do not give rise to unexpected results.
A typical radiated spectrum for A@ = 180" is shown in Fig. 6 . Evanescent waveguide modes with n = 1 are sufficiently strongly excited at the waveguide mouths to radiate pronounced secondary lobes peaked at twice the nominal rill; this effect increases with density, together with increased reflection of the fundamental TEol mode. Also, a small fraction of the power (from less than 1% at the lowest density to about 5% at the highest density explored in Fig. 5 ) is radiated in partial waves having fast wave polarization and nll = 1. Actually, radiation on the fast wave is probably somewhat underestimated, since we are obliged to choose our upper density point much too close to the plasma edge; therefore, we cannot be sure that tunnelling of the fast wave beyond its cut-off is really negligible for intermediate values of nll . As mentioned in Section 2, at densities below the LH resonance the perpendicular wavelength of the slow wave is inversely proportional to n,. As a consequence, summed over a broad spectrum, partial waves with different n, interfere destructively except along the so-called resonance cones [23], This is illustrated in Fig. 7 , which shows E, along the radius starting at the centre of a two-waveguide grill for the case of symmetric excitation and a density of 4.1 x 10" cm-3 at the wall. The inner edge of the resonance cone is clearly identifiable (in front of the launcher the cones pointing to the right and to the left are superposed), although not as sharp as one might expect from the electrostatic analysis of Ref.
[23]; at these relatively low frequencies, electromagnetic effects are still relatively important [24] . Let us now turn to the case in which the density remains higher than the LH resonance density up to the wall. In this case, the power transmission coefficient 1 -R is found to be of the order of smaller for all phases. This is clearly a consequence of the fact that under these conditions the plasma surface is highly reflecting for waves with the 'ordinary' polarization, as discussed in Section 2. We might also mention that since the perpendicular wavelength of IB waves is nearly independent of n,, the total field from the launcher in the high density regime looks essentially the same as the field for a single partial wave.
A similar situation was found in Ref. [16] for the case of a metallic antenna: the radiation resistance drops from a few ohms at low densities to a negligible value (less than lo-* a) if the density at the plasma surface exceeds the LH resonance density. We conclude that direct coupling to IB waves without mode transformation near the LH layer is practically impossible. If our model is correct, there is little hope to avoid this difficulty; better coupling in this regime would require a lower LH resonance density, which can be achieved only by lowering the magnetic field. But this implies lowering the applied frequency by the same factor: since screening of E, by the electrons is roughly proportional to n , / f 2 , there is no net gain. We have tested this by running a hypothetical case with a magnetic field of only 2 T near the outer wall. In this case, the frequency for the fifth harmonic is 150 MHz, which requires multiplying by three the waveguide dimensions, but allows a density at the plasma edge as low as lo'* ~m -~ to be above the LH resonance. In spite of this, the power transmission coefficient was again less than 0.0016 for all phases.
Of course, it is conceivable that, at high power, ponderomotive forces associated with the strong field inhomogeneity in the transition layer will decrease the density in front of the antenna until a situation with less reflection but with the LH resonance inside the plasma is established. In any case, coupling in the high density regime appears little promising.
In the FTU tokamak, which is a high field, high density device, the density in front of the grill is likely to be below, but not much below, the LH resonance density. Under these conditions, reasonable coupling can be expected only with antisymmetric excitation. Whether the launched power can be transmitted beyond the LH layer without heavy losses cannot be answered with the present model. or
